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We report on the experimental evidence for a nanosecond time-scale spin memory based on nonra-
diative excitons. The effect manifests itself in magnetic-field-induced oscillations of the energy of the
optically active (radiative) excitons. The oscillations detected by a spectrally-resolved pump-probe
technique applied to a GaAs/AlGaAs quantum well structure in a transverse magnetic field persist
over a time scale, which is orders of magnitude longer than the characteristic decoherence time in
the system. The effect is attributed to the spin-dependent electron-electron exchange interaction of
the optically active and inactive excitons. The spin relaxation time of the electrons belonging to
nonradiative excitons appears to be much longer than the hole spin relaxation time.
Excitons are crystal quasiparticles that can be gener-
ated by light and that may eventually recombine emitting
light [1, 2]. As such, they are promising for storing the
optically encoded information and keeping memory of the
intensity, phase, and polarization of light. Applications
of excitons for optical storage are limited by their short
radiative lifetime (typically, on the order of 10 – 100 ps)
and even shorter coherence time (on the order of a few pi-
coseconds). Nonradiative, also referred to as dark or opti-
cally inactive, excitons that are decoupled from light due
to the specific selection rules for optical transitions are
widely discussed as the most promising exciton memory
agents [3–7]. They possess lifetimes on a nanosecond or
longer scale and affect many processes in optically excited
quantum wells (QWs) [8–13], quantum dots [14, 15], mi-
crocavities [16–19], and 2D-materials [20, 21]. On the
other hand, a rapid thermalization of the reservoir of
nonradiative excitons usually leads to the loss of coher-
ence on a few-picosecond scale.
The capacity of a reservoir of nonradiative excitons to
serve as an optical polarization or spin storage is yet to
be fully revealed. Here we study the spin memory ef-
fects in the excitonic system by means of time-resolved
magneto-optical spectroscopy. In our experiment the
reservoir consists of excitons with large in-plane wave
vectors strongly exceeding the wave vector of light [see
Fig. 1(a)] so that the k-vector selection rules do not allow
these excitons to absorb or to emit light [22]. Neverthe-
less dark excitons can be optically addressed via their in-
teraction with the optically active (bright) excitons [13].
We have developed an experimental approach allow-
ing for a direct access to the spin polarization of reser-
voir excitons. We observe a robust exciton spin polar-
ization lasting several nanoseconds. It manifests itself in
magnetic-field-induced oscillations of the optically active
exciton energy due to their exchange interaction with the
reservoir of spin-polarized nonradiative excitons.
A high-quality heterostructure with a 14-nm
GaAs/Al0.03Ga0.97As quantum well (QW) was ex-
perimentally studied. The structure was grown by
molecular beam epitaxy at the n-doped GaAs substrate.
Due to the small content of Al in the barrier layers, their
height is relatively small, about 25 meV for electrons
and 12 meV for holes. Fig. 1(b) shows a reflectance
spectrum of the sample in the spectral vicinity of the
exciton resonances. The main features observed in the
spectrum can be ascribed to optical transitions to the
quantum-confined heavy-hole (Xhh) and light-hole (Xlh)
exciton states in the QW. The very small spectral widths
of the exciton resonances confirm the ultra-high quality
of the structure. These resonances can be precisely
modeled by a phenomenological theory described in
Refs. [6, 13].
Within this model the amplitude reflection coefficient
of light from a QW can be written in the form:
rX =
iΓ0
ω˜0 − ω − i(ΓNR + Γ0) . (1)
Here the parameter Γ0 describes the radiative decay rate
of the exciton state, ΓNR is the rate of nonradiative re-
laxation from this state, ω˜0 is the frequency of the ex-
citon transition. These three quantities are considered
to be fitting parameters of the model. The reflectivity
spectrum of the structure is then given by:
R =
∣∣∣∣ rs + rXeiφ1 + rsrXeiφ
∣∣∣∣2 , (2)
where rs is the amplitude reflection coefficient of the sam-
ple surface and φ is the phase shift of the light travelling
from the sample surface to the QW and back.
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Figure 1. (a) A scheme illustrating optically active and inac-
tive excitons and the exchange interaction of spins of the ra-
diative excitons within the light cone with the spin-polarized
excitons in the nonradiative reservoir. (b) Reflectivity spec-
trum of the 14-nm GaAs/AlGaAs QW (blue dots). The red
dashed line shows the fit of the exciton resonances by Eqs. (1,
2). ∆E ≈ 180 µeV. (c) Time evolution of the Xhh exciton
energy in the transverse magnetic field in the σ+ (red curves)
and σ− (blue curves) polarizations. The magnetic field mag-
nitudes are indicated near each pair of curves. The curves
are shifted for clarity. (d) Comparison of the dynamics of the
Kerr rotation signal (black curve) and of the exciton energy
splitting (red curve). The sample temperature is T = 6 K.
The good agreement of the experimental and modelled
spectra shown in Fig. 1(b) indicates that no significant
inhomogeneous (Gaussian-like) broadening is present in
this structure. This allows us to obtain reliable val-
ues of all the fitting parameters. For the Xhh reso-
nance shown in Fig. 1(b) the fitting parameters are:
~Γ0 = 30 ± 1 µeV, ~ΓNR = 45 ± 2 µeV, EXhh = ~ω˜0 =
1526.061 ± 0.002 meV. One can see that the energy of
the exciton states can be obtained with a high accuracy
of about 2 µeV. This opens the way to highly sensitive
experiments for the study of interaction of photocreated
excitons with other quasiparticles in the structure.
We have developed a spectrally-resolved pump-probe
experimental technique with the circularly polarised
2-picosecond pump pulse exciting the structure at
some spectral point while the spectrally-broad 100-
femtosecond probe pulse is used to detect the reflection
spectrum at each delay between the pump and probe
pulses. The linearly polarized probe beam reflected from
the sample is split into two circularly polarized compo-
nents. Spectra of both components are simultaneously
measured by an imaging spectrometer equipped by a
CCD detector. In this way, two reflectance spectra in
both circular polarizations are detected. The analysis of
the spectra measured at different delays using Eqs. (1, 2)
allows us to obtain the dynamics of the essential excitonic
parameters.
Fig. 1(c) shows the dependence of the energy of the
Xhh exciton resonance on the delay between pump and
probe pulses. A small magnetic field is applied to the
structure perpendicular to the growth axis (Voigt geome-
try). We see that the exciton energy undergoes an instan-
taneous jump and rapid decay at small delays followed
by a smooth change when no magnetic field is applied.
The tail of the exciton energy dynamics, however, be-
comes oscillating in the presence of the magnetic field.
The oscillations are opposite in sign for σ+ and σ− po-
larizations detection. The frequency of the oscillations
increases with the magnetic field increase.
To clarify the origin of these oscillations, we have com-
pared the oscillations in energy splitting, δE = Eσ
+
hh −
Eσ
−
hh , with the oscillating Kerr rotation signal measured
in the same experimental conditions, see Fig. 1(d). One
can see that both signals look very similar. However,
the oscillation parameters are different in these two mea-
surements: the Kerr angle and the exciton energy re-
spectively. It is well known [1, 23, 24] that the oscillating
Kerr signal is determined by the spin polarization that
precesses about the magnetic field. Therefore, we may
conclude that the energy splitting δEhh may also be a
result of the exchange interaction of the radiative exci-
tons with some reservoir of polarised spins precessing in
the external magnetic field.
To reveal the physical nature of the spin reservoir that
is responsible for the oscillations, we have measured the
oscillating energy splitting at different magnitudes of the
magnetic field exciting at the heavy-hole and light-hole
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Figure 2. The time delay dependence of energy difference
δE = Eσ
+
hh −Eσ
−
hh of the Xhh exciton energies measured at the
σ+ and σ− circular polarizations under the σ+ excitation into
the Xhh (red curve) and Xlh (blue curve) exciton resonances.
Excitation density P = 50 W/cm2; magnetic field strength
B = 0.6 T; sample temperature T = 5.6 K. Inset shows the
oscillation frequency vs magnetic field strength extracted from
the experiment (points) and the linear fit by function Ω =
(|g|µBB)/~.
3resonances as shown in Fig. 2. One can see that the
phase of the δE oscillations is opposite in the two ex-
periments. This is a signature of the difference in se-
lection rules for the optical excitation of Xhh and Xlh
excitons [6]. Clearly, the optically active heavy-hole and
light-hole excitons created by light with the same helicity
of polarization involve electrons with opposite spins.
The dependence of the oscillation frequency on the ap-
plied external magnetic field is shown in the inset of fig-
ure 2. It is clearly seen that the frequency dependence
on the magnetic field is linear. From the slope of this line
we can determine the g-factor |g| = 0.365± 0.001, which
nearly coincides with the known value of the electron g-
factor in QWs [27].
The magnitude of the g-factor and the inversion in the
phase of the oscillations upon excitation of the Xlh and
Xhh exciton resonances are two key experimental find-
ings that point to the mechanism of the oscillations. We
conclude that the oscillating energy splitting of the exci-
ton levels is due to the exchange interaction of excitons
with the long-lived electrons whose spins precess about
the applied external magnetic field. These can be free res-
ident electrons, photocreated free electrons, or electrons
in the excitons of a long-lived nonradiative reservoir.
To identify the origin of these electrons, we have per-
formed a theoretical estimate of the exchange interaction
between the bright excitons and the long-lived electrons
as well as of the electron density ne required to obtain
the observed energy shifts. The spin Hamiltonian of the
exchange interaction reads [4, 29]:
HˆS = ∆0iˆz sˆz + Jeene
(
~ˆs · 〈~S〉
)
, (3)
Here sˆz and iˆz are the projections of the electron and hole
spins belonging to the bright exciton on the growth axis
z, ∆0 is electron-hole exchange interaction energy, 〈~S〉 is
the average spin in the reservoir, and Jee is the exchange
interaction constant. The explicit expression for Jee and
its numerical calculation are given in the Supplementary
material [30]. We have also estimated the constant ∆0
for the structure under study. The obtained value [30],
∆0 < 20 µeV, is small compared to the observed exciton
energy splitting caused by the interaction of the exciton
spin with the reservoir of electron spins. We should also
note that the exchange interaction of a hole in the bright
exciton with the reservoir electrons is much weaker and
can be neglected [4].
The diagonalization of a Hamiltonian (5) gives rise to
four eigenstates. When the average spin 〈S〉 is directed
along the growth axis z, the bright and dark exciton
states are not mixed and optical transitions are allowed
only to the bright exciton states. When the reservoir
spin is rotated perpendicular to the z axis by the ap-
plied magnetic field, the bright and dark exciton states
are mixed and all four exciton transition are allowed. All
the splittings, however, are much smaller then the exci-
ton line broadening ~(Γ0 + ΓNR). Therefore the effect of
exchange interaction is observed as a shift of a single ex-
citon resonance when the reservoir spin is rotated. The
difference in the energy positions of the single resonance
seen in the σ+ and σ− polarisations is described by (see
eq. (8) in Suppl. Mat. [30])
δE = Jeene〈Sz〉, (4)
where 〈Sz〉 is the z-projection of the reservoir spin.
Let us first consider the exchange interaction of bright
excitons with a reservoir of free electrons. The correspon-
dence interaction constant is [30]: Jxeee = 18±2 µeV×µ2.
If the reservoir electrons are totally polarized, that is,
〈Sz〉 = 1/2, we obtain from Eq. (4) the minimum areal
electron density, ne = 1.1× 109 cm−2 (for δE = 100µeV,
see Fig. 2). If the reservoir is composed by resident
electrons, their average polarization 〈Sz〉  1/2 and
the required areal density ne  109 cm−2. The elec-
trons with such areal density should give rise to the trion
(negatively charged exciton) peaks in the optical spec-
tra [31, 32]. We, however, did not observed such features
in both the photoluminescence and reflectance spectra.
We should note that the trion peaks are observed in the
intentionally n-doped structures [32].But our structure is
undoped. Therefore we may assume that the resident
electrons cannot be responsible for the observed effect.
The free electrons in the reservoir could be, in prin-
ciple, created by optical pumping. However, we have
used the resonant pumping into the lowest exciton state
which makes this scenario unlikely. Indeed, the electrons
are coupled with holes in the photocreated excitons. The
Coulomb energy of the coupling, RX ≈ 7 meV in the QW
under study [5], which is one order of magnitude larger
than the thermal energy, kT ≈ 0.5 meV. Therefore the
photocreation of free electrons is supposed to be a highly
inefficient process in our case.
Eventually we come to the conclusion that the elec-
trons that belong to the reservoir excitons are respon-
sible for the observed energy shifts. The interaction
of the bright excitons with those in the nonradiative
reservoir via the electron-electron exchange [30], Jxxee =
11.4± 0.8 µeV×µ2. Therefore the required areal density
of the reservoir excitons with totally polarized electron
spins, nX ≈ 1.8×109 cm−2. Such a density can be easily
created in our experiments. Indeed, the number of ab-
sorbed photons per excitation pulse, nphot, is calculated
using the well-known expressions for the absorption co-
efficient [6], η = (2Γ0ΓNR)/[(ω˜0 − ω)2 + (Γ0 + ΓNR)2].
Taking into account the spectral overlap of the pump
laser pulses and the Xhh resonance, we obtain for the
experimental conditions of Fig. 2: nphot ≈ 2× 1011 pho-
tons per pulse per cm2. Only a small fraction of bright
excitons created by the absorbed photons can be scat-
tered from the light cone into the nonraditative reser-
voir, f ∼ τX/τac ∼ 0.1 where τX ≈ 10 ps is the charac-
teristic time of the exciton radiative recombination and
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Figure 3. The pump-probe time delay dependence of the ex-
citon energy splitting δEhh (a) and of the nonradiative broad-
ening ~δΓNR(t) (b) at different temperatures. The curves in
(a) are shifted for clarity; in (b) only the single pump pulse
induced broadening is shown. Inset in (b) shows the tem-
perature dependence of the characteristic decay times of the
oscillations and of the nonradiative broadening. The excita-
tion density is P = 15 W/cm2.
τac ∼ 100 ps is the exciton-phonon scattering time [13].
Finally the areal density of excitons in the nonradiative
reservoir, nX ∼ 2 × 1010 cm−2, is still 10 times larger
than the required exciton density. Taking into account
the possible loss of the electron spin polarization during
the exciton scaterring, we obtain the energy shift com-
parable with the experimentally observed one.
To further support this conclusion, we have measured
the dynamics of the exciton energy splitting δE(t) at
different temperatures and compared it with the dy-
namics of the nonradiative broadening of the Xhh res-
onance, ~δΓNR(t) = ~ΓNR(t) − ~ΓNR(tm), where tm
is a small negative delay time. A representative set
of these data is shown in Fig. 3. A close similarity
is observed in the dynamics of both the energy oscil-
lations and the broadening. A phenomenological fit of
the dynamics of the exciton energy splitting by δE(t) =
AδE exp(−t/τδE) cos (ωt+ ϕ) and of the broadening by
~δΓNR(t) = ANR exp(−t/τNR) allows one to obtain the
characteristic decay times τδE and τNR of these processes.
Their dependence on the sample temperature is shown in
the inset to Fig. 3(b).
The obtained data clearly demonstrate that δE(t) de-
cays in time nearly with the same rate as the nonradiative
broadening ~δΓNR(t). Having in mind that the decay of
the broadening is governed by the depopulation of the
exciton reservoir [13], we conclude that the decay of the
oscillations is also mainly related to the exciton depopu-
lation. The observed small difference in the decay times
could be, in principle, explained by electron spin relax-
ation or dephasing. The effective time of these processes
in high-quality QWs is very large [34, 35].
The analysis above supports our conclusion that the
observed behaviour of the oscillating signal is caused by
polarized electrons belonging to excitons in the nonra-
diative reservoir. The spins of these electrons are cou-
pled with those of holes via the exchange interaction.
The magnitude of this interaction, ∆0 ∼ 10 − 20 µeV,
is larger than the Zeeman splittings observed in our ex-
periments, δEZ = gµBB ≈ 11 µeV at B = 0.5 T. In the
presence of the exchange interaction, the magnetic-field
dependence of the oscillation frequency should be non-
linear [36], which would contradict to the experimental
observation, see the inset in Fig. 2.
We assume that the exchange interaction is effectively
switched off in the nonradiative excitons [1]. During
their relatively long lifetime the hole spin can be lost
due to the spin-orbit interaction because the thermal en-
ergy kT  ∆0. In fact, due to the interaction with the
phonon bath, the hole spin orientation can be changed
many times during one period of the electron spin pre-
cession in the external magnetic field. A characteristic
time of the hole spin relaxation is of order of several tens
of ps [1, 36]. Even when the hole spin polarisation is
lost, there are fluctuations of electron-hole exchange in-
teraction which might destroy the electron spin polari-
sation [37]. However, in our case the exchange interac-
tion is much weaker (∆0 < 20µeV) then exciton-collision-
induced broadening (ΓNR > 100µeV). During the period
of electron spin precession in the fluctuating field the ex-
citon is scattered many times by other excitons, so that
the fluctuating field is effectively averaged. This process
is similar to the well known motional narrowing [38].
In conclusion, we have directly observed the exciton en-
ergy shift caused by the exchange interaction of the pho-
tocreated excitons with those in the nonradiative reser-
voir in high-quality QWs. The shift oscillates in time
when the transverse magnetic field is applied to the struc-
ture. The oscillations decay on a nano-second time scale,
which is orders of magnitude longer than exciton radia-
tive lifetime. We attribute the oscillations to the spin pre-
cession of electrons belonging to the nonradiative (dark)
excitons. Our experiment clearly shows that the electron-
hole exchange interaction in dark excitons is suppressed
due to depolarization of holes during the large lifetime
of these excitons. We have theoretically modeled the ex-
change interaction of electrons in the photocreated exci-
tons with those in the nonradiative excitons and obtain
relevant interaction constants.
The authors are grateful to I. A. Yugova for fruitful dis-
cussions. The authors acknowledge SPbU for a research
grant 11.34.2.2012 and the Russian-German collabora-
tion in the frame of ICRC TRR 160 project supported
by the RFBR grant 10-52-12019. A.V.T. acknowledges
the RFBR grant 18-32-00516. I. V. I. acknowledges the
RFBR grant 16-02-00245 a. The SPbU resource center
”Nanophotonics” is acknowledged for the structure stud-
ied in the present paper.
5∗ correspondence address: a.trifonov@spbu.com
[1] E. F. Gross, I. A. Karryjew, Dokl. Akad. Nauk SSSR, Vol.
84, No. 471 (1952).
[2] Excitons, edited by E.I. Rashba and M.D. Sturge, (Ams-
terdam: North-Holland, 1982).
[3] M. Combescot, O. Betbeder-Matibet, and R. Combescot,
Phys. Rev. Lett. 99, 176403 (2007).
[4] M. Combescot, M. G. Moore, and C. Piermarocchi, Phys.
Rev. Lett. 106, 206404 (2011).
[5] L. Gantz, E. R. Schmidgall, I. Schwartz, Y. Don, E. Waks,
G. Bahir, and D. Gershoni, Phys. Rev. B 94, 045426
(2016).
[6] R. Rapaport, R. Harel, E. Cohen, A. Ron, E. Linder, and
L. N. Pfeiffer , Phys. rev. Lett. 84(7) 1607 (2000).
[7] M. Perrin, P. Senellart, A. Lemaitre, and J. Bloch, . Phys.
Rev. B, 72(7) 075340 (2005).
[8] J. Feldmann, G. Peter, E. O. Gobel, P. Dawson, K. Moore,
C. Foxon, and R. J. Elliott, Phys. Rev. Lett. 59, 2337
(1987).
[9] , A. Honold, L. Schultheis, J. Kuhl, C. W. Tu, Phys. Rev.
B 40, 6442 (1989).
[10] T. C. Damen, Jagdeep Shah, D. Y. Oberli, D. S. Chemla,
J. E. Cunningham, and J. M. Kuo, Phys. Rev. B 42, 7434
(1990).
[11] B. Deveaud, F. Clerot, N. Roy, K. Satzke, B. Sermage,
and D. S. Katzer, Phys. Rev. Lett. 67, 2355 (1991).
[12] J. Szczytko, L. Kappei, J. Berney, F. Morier-Genoud,
M.T. Portella-Oberli, and B. Deveaud, Phys. Rev. Lett.
93, 137401 (2004).
[13] A. V. Trifonov, S. N. Korotan, A. S. Kurdyubov, I. Ya.
Gerlovin, I. V. Ignatiev, Yu. P. Efimov, S. A. Eliseev, V. V.
Petrov, Yu. K. Dolgikh, V. V. Ovsyankin, A. V. Kavokin,,
Phys. Rev. B 91, 115307 (2015).
[14] E. Poem, Y. Kodriano, C. Tradonsky, N. H. Lindner, B.
D. Gerardot, P. M. Petroff, and D. Gershoni, Nature Phys.
6, 993 (2010).
[15] I. Schwartz, E. R. Schmidgall, L. Gantz, D. Cogan, E.
Bordo, Y. Don, M. Zielinski, and D. Gershoni, Phys. Rev.
X 5, 011009 (2015).
[16] M. M. Glazov, H. Ouerdane, L. Pilozzi, G. Malpuech, A.
V. Kavokin, and A. D’Andrea, Phys. Rev. B 80, 155306.
(2009)
[17] M. Wouters, T. K. Paraiso, Y. Leger, R. Cerna, F.
Morier-Genoud, M. T. Portella-Oberli, and B. Deveaud-
Pledran, Phys. Rev. B 87, 045303 (2013).
[18] M. De Giorgi, D. Ballarini, P. Cazzato, G. Deligeorgis,
S. I. Tsintzos, Z. Hatzopoulos, P. G. Savvidis, G. Gigli, F.
P. Laussy, and D. Sanvitto, Phys. Rev. lett. 112, 113602
(2014).
[19] A. V. Kavokin, J. J. Baumberg, G. Malpuech, and F. P.
Laussy, Microcavities, Oxford univ. press (2017).
[20] Gunnar Berghauser, Philipp Steinleitner, Philipp Merkl,
Rupert Huber, Andreas Knorr, and Ermin Malic, Phys.
Rev. B 98, 020301(R) (2018).
[21] E. Malic, M. Selig, M. Feierabend, S. Brem, D. Chris-
tiansen, F. Wendler, A. Knorr, and G. Berghauser, Phys.
Rev. Materials 2, 014002 (2018).
[22] We should note that there are also dark excitons with
small in-plane wave vectors but with spin S = ±2 which
block the interaction with photons possessing spin S =
±1. The lifetime of the dark excitons, however, is much
smaller than that of the excitons in the nonradiative reser-
voir because the energy splitting between bright and dark
excitons is small compared to the thermal energy kT even
at helium temperatures. Therefore the dark excitons in
quantum wells can be quite rapidly converted into bright
ones and emit light.
[23] S. A. Crooker, D.D. Awschalom, J. J. Baumberg, F.
Flack , N. Samarth, Phys. Rev. B 56(12) 7574 (1997)
[24] M. M. Glazov, Coherent spin dynamics of electrons and
excitons in nanostructures (a review), Phys. Sol. State54,
1 (2012) [Original Russian Text: M.M. Glazov, Fizika
Tverdogo Tela, 54, 3 (2012).]
[25] E. L. Ivchenko, Optical spectroscopy of semiconductor
nanostructures (Springer-Verlag, 2004).
[26] Mikhail I. Dyakonov, Spin Physics in Semiconductors,
Second Edition, pp. 94 (Springer International Publishing
AG, 2017)
[27] I. A. Yugova, A. Greilich, D. R. Yakovlev, A. A. Kiselev,
M. Bayer, V. V. Petrov, Y. K. Dolgikh, D. Reuter, and A.
D.Wieck, Phys. Rev. B 75, 245302 (2007).
[28] C. Ciuti, V. Savona, C. Piermarocchi, A. Quattropani,
P. Schwendimann, Phys. Rev. B 58, 7926 (1998).
[29] Landau, L. D., and E. M. Lifshitz. ”Quantum mechanics,
vol. 3.” Course of theoretical physics 3 (1977), par. 62, task
1.
[30] Link on Suppl. Mat. file
[31] A.J. Shields, M. Pepper, D.A. Ritchie, M.Y. Simmons,
and G.A.C. Jones, Phys. Rev. B 51, 18049 (1995).
[32] G. V. Astakhov, V. P. Kochereshko, D. R. Yakovlev, W.
Ossau, J. Nu¨rnberger, W. Faschinger, G. Landwehr, T.
Wojtowicz, G. Karczewski, and J. Kossut, Phys. Rev. B
65, 115310 (2002).
[33] E.S. Khramtsov, P.A. Belov, P.S. Grigoryev, I.V. Ig-
natiev, S.Y. Verbin, Y.P. Efimov, S.A. Eliseev, V.A.
Lovtcius, V.V. Petrov, S.L. Yakovlev, Journal of Applied
Physics 119 184301 (2016)
[34] J. S. Colton, T. A. Kennedy, A. S. Bracker , D. Gammon,
Phys. Rev. B 69(12), 121307 (2004).
[35] V. V. Belykh, E. Evers, D. R. Yakovlev, F. Fobbe, A.
Greilich, and M. Bayer, Phys. Rev. B 94, 241202(R)
(2016).
[36] M. Oestreich, S. Hallstein, A. P. Heberle, K. Eberl, E.
Bauser, and W. W. Ruhle, Phys. Rev. B 53(12), 7911
(1996).
[37] M. Dyakonov, X. Marie, T. Amand, P. Le Jeune, D. Ro-
bart, M. Brousseau, and J. Barrau, Phys. Revi. B, 56(16),
10412 (1997).
[38] A. Abragam, The Principles of Nuclear Magnetism
(Clarendon, Oxford, 1961), p. 446.
6Appendix
Exchange interaction of the bright excitons with reservoir
excitons and free electrons in quantum wells
Exchage-interaction-induced energy splitting of exciton states
The spin-hamiltonian of the heavy-hole exciton interacting with electron and holes reads:
HˆS = ∆0iˆz sˆz + Jhhnhiˆz〈Iz〉+ Jeene
(
~ˆs · 〈~S〉
)
+ Jeh
(
neiˆz〈Sz〉+ nhsˆz〈Iz〉
)
. (5)
Here ~ˆs and ~ˆi are the spin operators of the electron and the hole comprising the exciton, 〈~S〉 and 〈~I〉 are the mean
values of spins of the electrons and holes in the reservoir, and ne and nh are their areal densities. The constants ∆0,
Jhh, Jee, and Jeh characterize, respectively, the exchange interaction of the electron and hole in the exciton, the
exciton hole with a reservoir hole, the exciton electron with a reservoir electron, and the exciton electron (hole) with
a reservoir hole (electron). The heavy hole spin in GaAs-based quantum wells (QWs) is characterized by a very
anisotropic g-factor tensor with nearly zero in-plane component. Therefore only the z-projection of the hole spin is
included in the Hamiltonian (5). There are no terms in this Hamiltonian mixing the hole spin states iz = +3/2 and
iz = −3/2, therefore it can be separated in two independent Hamiltonians:
HˆS+ =
3
2
∆0sˆz +
3
2
Jhhnh〈Iz〉+ Jeene
(
~ˆs · 〈~S〉
)
+ Jeh
(
3
2
ne〈Sz〉+ sˆz〈Iz〉
)
,
HˆS− = −3
2
∆0sˆz − 3
2
Jhhnh〈Iz〉+ Jeene
(
~ˆs · 〈~S〉
)
+ Jeh
(
3
2
ne〈Sz〉+ sˆz〈Iz〉
)
. (6)
In what follows we take into account that the electron-hole exchange interaction is much smaller than the
electron-electron and hole-hole ones, Jeh  Jee, Jhh [1]. Besides, we assume that the hole concentration in the
reservoir is negligible small, nh ≈ 0. Therefore we save only the first and third terms in the Hamiltonians HˆS+ and
HˆS−.
Solution of the Schro¨dinger equation with these Hamiltonians gives rise to the following energies of the heavy-hole
exciton states:
Eb+ =
1
2
√(
3
2
∆0 + Jeene〈Sz〉
)2
+ (Jeene〈Sy〉)2,
Ed+ = −1
2
√(
3
2
∆0 + Jeene〈Sz〉
)2
+ (Jeene〈Sy〉)2,
Eb− =
1
2
√(
3
2
∆0 − Jeene〈Sz〉
)2
+ (Jeene〈Sy〉)2,
Ed− = −1
2
√(
3
2
∆0 − Jeene〈Sz〉
)2
+ (Jeene〈Sy〉)2. (7)
Here we assume that the optical excitation creates a spin polarization of reservoir electrons along the z axis. An
external magnetic field applied along the x axis, B = Bx, can turn the polarization towards the y axis. Besides, we
assume the external magnetic field to be small enough so that no valuable spin polarization is created along the x
axis.
At zero spin polarization of the reservoir electrons, 〈Sz〉 = 〈Sy〉 = 0, the levels Eb+ and Eb− are degenerate and
correspond to the bright excitons, the degenerate levels Ed+ and Ed− correspond to the dark excitons. When the
reservoir electrons are polarized along the z axis, 〈S〉 = 〈Sz〉, the bright and dark exciton states are not mixed and
their energies linearly depend on Jeene〈Sz〉. This interaction affects the excitons as an effective magnetic field giving
rise to the Zeeman splitting of the bright exciton levels Eb+ and Eb− as well as the dark exciton levels Ed+ and Ed−.
When the spin polarization of the reservoir electrons is turned perpendicular to the z axis by the external magnetic
field, 〈S〉 = 〈Sy〉, the bright and dark exciton states are mixed and their energies nonlinearly depend on Jeene〈Sz〉.
7The intensities of optical transitions to the exciton states can be described by the general expression:
I =
2
3
I0
(
3
4
− jzsz
)
. (8)
In the absence of the reservoir spin polarization, jz = ±3/2, sz = ∓1/2 for the bright exciton and the intensities of
optical transitions in the σ+ and σ− polarizations, I+ = I− = I0. For the dark exciton, jz = ±3/2, sz = ±1/2 and
the intensities are zero.
The intensity I0 is proportional to the constant Γ0 of the exciton radiative damping. The integral of the resonant
exciton reflection, in the general case, nonlinearly depends on Γ0, see Eqs. (1, 2) in the main text of the paper. In
our case, however, the nonradiative damping constant, ΓNR, is considerably larger than Γ0. Therefore expression (2)
of the main text can be expanded in a series over Γ0:
R(ω) = |rs|2 + δR(ω)Γ0 + · · · , (9)
in which the first frequency-dependent term is linear in Γ0.
In the presence of the reservoir spin polarization, the quantization axis for the electron spin of the radiative exciton
is directed along the total effective magnetic field of the exchange interaction, ~Beff = (3/2)∆0~iz + Jeene〈~S〉, where ~iz
is the unit vector along the z axis. Here we neglect the external magnetic field, which is small relative to ~Beff in the
experiments under discussion. Correspondingly, the projection of electron spin, sz, is determined by the expression:
sz =
1
2
3
2∆0 ± Jeene〈Sz〉√(
3
2∆0 ± Jeene〈Sz〉
)2
+ (Jeene〈Sy〉)2
. (10)
Here the sign “+” is for the positive projection of vector 〈~S〉 on the z axis and sign “-” is for the negative one.
From Eqs. (8, 10) we obtain for the intensities of optical transitions to the all four levels:
Ib+ =
I0
2
1 + 32∆0 + Jeene〈Sz〉√(
3
2∆0 + Jeene〈Sz〉
)2
+ (Jeene〈Sy〉)2
 ,
Id+ =
I0
2
1− 32∆0 + Jeene〈Sz〉√(
3
2∆0 + Jeene〈Sz〉
)2
+ (Jeene〈Sy〉)2
 ,
Ib− =
I0
2
1 + 32∆0 − Jeene〈Sz〉√(
3
2∆0 − Jeene〈Sz〉
)2
+ (Jeene〈Sy〉)2
 ,
Id− =
I0
2
1− 32∆0 − Jeene〈Sz〉√(
3
2∆0 − Jeene〈Sz〉
)2
+ (Jeene〈Sy〉)2
 . (11)
It follows from these expressions that, when the effective magnetic field is directed along the z axis, 〈S〉 = 〈Sz〉, only
the intensities of the bright exciton transitions are not zero. When the effective field has an arbitrary orientation, all
four transitions are allowed due to the bright-dark exciton states mixing. The mixing magnitude depends on the
ratio of (3/2)∆0 and Jeene〈S〉.
In the heterostructure under study, the exchange constant ∆0 < 20 µeV (see the last section of these materials). The
magnitude of the exchange interaction with reservoir electrons can be considerably larger because the splitting of
bright exciton states, Eb+ −Eb−, reaches 100 µeV, see Fig. 2 of the main text. This means that the bright and dark
exciton states can be strongly mixed when 〈~S〉 is perpendicular to the z axis. Correspondingly, optical transitions to
the initially dark exciton states should be, in principle, observable in this case. However, the large nonradiative
broadening of the exciton resonances (hundreds of µeV) does not allow one to separate these resonances. We,
therefore, calculate the average energies of exciton transitions in the σ+ and σ− circular polarizations:
〈E+〉 = Eb+Ib+ + Ed+Id+
Ib+ + Id+
= +
3
4
∆0 +
1
2
Jeene〈Sz〉,
〈E−〉 = Eb−Ib− + Ed−Id−
Ib− + Id−
= +
3
4
∆0 − 1
2
Jeene〈Sz〉. (12)
8It follows from these expressions that the exciton energy splitting, δE = 〈E+〉 − 〈E−〉, observed experimentally is
described by the simple expression:
δE = Jeene〈Sz〉, (13)
that is directly determined by the exchange interaction with the reservoir electrons.
A similar analysis can be done for the case of exchange interaction of the radiative excitons with the polarized
reservoir excitons. If we assume a fast hole spin relaxation in the reservoir excitons, the interaction is determined by
the exchange of spins of the electrons comprising the radiative and reservoir excitons. In this case all above
expressions become valid for the analysis of the exchange interaction and the difference of these two cases is
described by the exchange constant Jee.
Exchange constants
The general expression for the exchange constant for interaction of two electrons reads [2]:
J = Sn
∫∫
e2
ε|~r1 − ~r2|Ψ1(~r1)Ψ
∗
1(~r2)Ψ2(~r2)Ψ
∗
2(~r1) d
3r1 d
3r2. (14)
Here Ψ1(~r), Ψ2(~r) are the wave functions of the electrons and ~r1, ~r2 are their coordinates; ε is the dielectric constant
of the medium. The quantity Sn is the normalizing area. Its physical meaning is evident from the relation:
Sn = 1/ne, that is, Sn is the average area per one electron.
For the case of exchange interaction of the electron in an exciton and of a free electron, the general expression (14)
is transformed to:
Jxeee = Sn
∫∫∫ ∫∫∫ ∫∫∫
e2
ε
√
(ze − zf )2 + |~ρe − ~ρf |2
× Ψf (ze, ~ρe)Ψ∗ex(ze, zh, ~ρe, ~ρh)Ψ∗f (zf , ~ρf )Ψex(zf , zh, ~ρf , ~ρh)
× dze dzf dzh d2ρe d2ρf d2ρh, (15)
where Ψf (zf , ~ρf ) is the wave function of the free electron and Ψex(ze, zh, ~ρe, ~ρh) is the exciton wave function. Both
functions are written in the cylindrical coordinate system to take into account the symmetry of the problem. The
variables zf , ~ρf and ze, ~ρe describe the coordinates of electrons in the reservoir and in the exciton, respectively;
zh, ~ρh are the coordinates of the hole in the exciton.
The interaction of two excitons via the exchange by electron spins is characterized by the exchange integral [4]:
Jxxee = Sn
∫∫∫ ∫∫∫ ∫∫∫ ∫∫∫
e2
ε
√
(ze1 − ze2)2 + |~ρe1 − ~ρe2|2
× Ψex(ze1, zh1, ~ρe1, ~ρh1)Ψex(ze2, zh2, ~ρe2, ~ρh2)
× Ψ∗ex(ze2, zh1, ~ρe2, ~ρh1)Ψ∗ex(ze1, zh2, ~ρe1, ~ρh2)
× dze1 dzh1 dze2 dzh2 d2ρe1 d2ρh1 d2ρe2 d2ρh2. (16)
It is assumed here that there is no motion of the excitons along the QW plane, that is, the wave vector Kex = 0. It
is really small for the excitons created by optical pumping with nearly normal incidence of light. It is also small for
the reservoir excitons, Kex  1/aB , for the liquid helium temperatures used in the experiments. Here aB ≈ 14 nm is
the exciton Bohr radius.
Calculation of the exchange constants
Numerical calculations of the exchange constants
Direct numerical calculations of Jxeee and J
xx
ee are performed in two steps. On the first step, the exciton wave
function, Ψex(ze, zh, ~ρe, ~ρh), is obtained by direct numerical solution of the three-dimensional Schro¨dinger equation
for an exciton in the GaAs QW under study [5]. The wave function of a free electron along the z axis in the QW is
calculated by numerical solution of the one-dimensional Schro¨dinger equation. Along the x and y axes the function
9is assumed to be a constant determined from normalization over the area Sn. Both the exciton and electron wave
functions are assumed to be real functions, that is, Ψ = Ψ∗.
The numerically obtained exciton wave function, Ψex(ze, zh, ~ρ), depends on the relative electron-hole distance in the
QW plane, ~ρ = ~ρe − ~ρh, due to the assumed cylindrical symmetry of the problem. Therefore the total exciton wave
function is transformed to:
Ψex(ze, zh, ~ρe, ~ρh) =
1√
Sn
Ψex(ze, zh, ~ρ). (17)
The cylindrical symmetry allows one to simplify expressions (15, 16):
Jxeee = Sn
∫ ∫∫∫ ∫∫∫
e2
ε
√
(ze − zf )2 + |~ρe − ~ρf |2
× Ψf (ze, ~ρe)Ψex(ze, zh, ~ρe)Ψf (zf , ~ρf )Ψex(zf , zh, ~ρf )
× dze dzf dzh d2ρe d2ρf , (18)
Jxxee =
∫ ∫∫∫ ∫∫∫ ∫∫∫
e2
ε
√
(ze1 − ze2)2 + |~ρe1 − ~ρe2|2
× Ψex(ze1, zh1, ~ρe1)Ψex(ze2, zh2, ~ρe2 − ~ρh)
× Ψex(ze2, zh1, ~ρe2)Ψex(ze1, zh2, ~ρe1 − ~ρh)
× dze1 dzh1 dze2 dzh2 d2ρe1 d2ρh d2ρe2, (19)
It is assumed in Eqs. (18, 19) that the numerically obtained exciton wave functions are normalized to unity.
On the second step, the exchange integrals (18) and (19) are calculated using a simple Monte Carlo method. Using
a pseudorandom number generator, coordinates of electrons and holes are generated in a large enough
three-dimensional region where the electron and exciton wave functions are noticeable nonzero:
ze, zh ∈ [−50, 50] nm, ρ ∈ (0, 120] nm. Then the expressions under integrals Jxe and Jxx are calculated and
accumulated. Typically 107 − 108 random coordinates have been used to obtain the integral with reasonable
accuracy. The results of the calculations are given in Tab. I.
Approximate calculations of the exchange constants
The direct numerical solution of the Schro¨dinger equations, in particular for an exciton in a QW, is a complex
problem. Therefore it is useful to compare the numerical results with those obtained in different approximations of
the wave functions. First we consider the widely used approximations applicable for narrow QWs [6]. The
quasi-two-dimensional electron wave function reads:
Ψf (zf , ~ρf ) =
1√
Sn
√
2
Lz
cos(
pizf
Lz
), (20)
where Lz is the QW width. The exciton wave function is chosen as:
Ψex(ze, zh, ~ρe, ~ρh) =
1√
Sn
2
Lz
cos(
pize
Lz
) cos(
pizh
Lz
)ψr(~ρe − ~ρh). (21)
We assume that the wave function of the relative motion is given by:
ψr(~ρ) =
1
aB
√
2
pi
exp
(
− |~ρ|
aB
)
, (22)
which is valid for two-dimensional excitons [6]. Here aB is the exciton Bohr radius along the QW plane.
In relatively narrow QWs with low-height barriers, the electron and exciton wave functions may noticeably
penetrate into the barriers. To take into account this possible effect, we also have calculated the exchange constants
using the numerically obtained electron and hole wave functions, Ψnume(h)(ze(h)), and the exciton wave function of type:
Ψex(ze, zh, ~ρe, ~ρh) = Ψ
num
e (ze)Ψ
num
h (zh)ψr(~ρe − ~ρh). (23)
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Substituting functions (20, 21) into Eq. (15), we obtain:
Jxeee =
1
Sn
(
2
Lz
)3 ∫∫∫ ∫∫∫ ∫∫∫
e2
ε
√
(ze1 − ze2)2 + |~ρe1 − ~ρe2|2
× cos2(pize1
Lz
) cos2(
pize2
Lz
) cos2(
pizh
Lz
)ψr(~ρe1 − ~ρh)ψr(~ρe2 − ~ρh) dze1 dze2 dzh d2ρe1 d2ρe2 d2ρh
=
(
2
Lz
)2 ∫∫∫ ∫∫∫
e2
ε
√
(ze1 − ze2)2 + |~ρe1 − ~ρe2|2
× cos2(pize1
Lz
) cos2(
pize2
Lz
)ψr(~ρe1)ψr(~ρe2) dze1 dze2 d
2ρe1 d
2ρe2. (24)
Similarly the expression for the constant of the exciton-exciton exchange interaction (19) with model function (21)
can be obtained:
Jxxee =
(
2
Lz
)2 ∫∫ ∫∫∫ ∫∫∫
e2
ε
√
(ze1 − ze2)2 + |~ρe1 − ~ρe2|2
cos2(
pize1
Lz
) cos2(
pize2
Lz
)
× ψr(~ρe1)ψr(~ρe2)ψr(~ρe1 − ~ρh)ψr(~ρe2 − ~ρh) dze1 dze2 d2ρe1 d2ρe2 d2ρh. (25)
The exchange constants Jxeee and J
xx
ee are calculated by integration of expressions (18, 19) and (24, 25) by the Monte
Carlo method. Two cases are considered. In the first case, the penetration of the electron and exciton wave
functions into the barrier layers due to their relatively small height is taken into account by the use of the numerical
electron function Ψnume (ze) and of the exciton wave function (23) in the general expressions (18, 19). In the second
case, the barriers are assumed to be infinitely high, no penetration is possible, and functions (20) and (21) are used
in the calculations of intergals (24, 25). The value of the exciton Bohr radius, aB = 12.6 nm, is obtained from the fit
of the numerical exciton wave function in the middle of the QW at ze = zh by function (22) along the QW plane.
The results for both the cases are given in Tab. I.
Table I. Exchange constants obtained in various approximations: “Numerical” is the calculation with use of the numerically
obtained electron and exciton wave functions; “Model (23)” is use of the numerically obtained electron wave function and of
the exciton function (23); “Infinite barriers” is use of functions (20, 21).
Exciton wave function Jxxee (µeV µm
2) Jxeee (µeV µm
2)
Numerical 11.4 ± 0.9 18 ± 2
Model (23) 9.3 ± 0.7 17.9 ± 0.6
Infinite barriers 10.3 ± 0.1 19.5 ± 0.2
As seen from the table, all the calculations give rise to very similar results: Jxxee ≈ 10 µeV · µm2; Jxeee ≈ 18 µeV · µm2,
independent on the approximation used. In particular, these results are almost insensitive to the penetration of the
electron and exciton wave functions into the barriers. The overlap of the free electron and exciton wave functions
plays the main role in the exchange interaction and it is only slightly changed when penetration takes place. The
main result of these calculation is that, for the relatively narrow QW, the model functions (20), (21) and the
approximation of infinitely high barriers can be used to obtain reliable values of the exchange constants with
appropriate accuracy.
Analytical estimate of Jxeee
Expression (24) can be rewritten in terms of the Coulomb energy of some fictitious charge distributions. Indeed:
Jxeee = 16pia
2
B ·
1
2
∫∫∫ ∫∫∫
v(ze, ~ρe)v(zf , ~ρf )
ε
√
(ze − zf )2 + |~ρe − ~ρf |2
dze dzf d
2ρe d
2ρf
= 16pia2B · VC . (26)
Here VC is the Coulomb energy of a charge system described by the charge density:
v(z, ~ρ) =
e cos2( pizLz )e
−|~ρ|/aB
Lzpia2B
. (27)
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To estimate the Coulomb energy, we approximate the charge distribution by an uniformly charged oblate ellipsoid of
revolution with small axis, a1 = Lz/2, and large axis, a2 = 2aB . It is shown in the textbook [3] that this problem
can be reduced to the calculation of the energy of a uniformly charged ball. The result is:
VC(aB , ν) =
3e2
5εaB
f(ν), (28)
where ν = a1/a2, f(ν) = 1/
√
1− ν2 arctan(√(1− ν2)/ν2). The value ν = 1 corresponds to the spherically
symmetric charge distribution, at which f(ν) = 1. At ν = 0 (the strongly oblate ball), f(ν) = pi/2. As seen the
variation in the values of f(ν) is not large. From Eqs. (26, 28) we obtain:
Jxeee =
48pie2
5εaB
f(ν)a2B . (29)
We have verified the result (29) by the direct numerical calculation of the constant Jxeee with the ellipsoidal charge
distribution:
Jxeee = 8pia
2
B
∫∫∫ ∫∫∫
e2
ε
√
(ze − zf )2 + (~ρe − ~ρf )2
×
φ(ze, ~ρe)φ(zf , ~ρf ) dzf d
2~ρf dze d
2~ρe, (30)
where
φex(ze, ~ρe − ~ρh) = 3
pia2BLz
1, if
z2e
(Lz/4)2
+ (ρe−ρh)
2
a2B
≤ 1
0, if
z2e
(Lz/4)2
+ (ρe−ρh)
2
a2B
> 1.
(31)
The calculations have shown that the numerically obtained result with use of Eqs. (30, 31) precisely coincides with
that obtained from Eq. (29): Jxeee = 29.3 µeV µm
2. The calculation parameters are: aB = 12.6 nm, ε = 12.53.
The obtained value of the exchange constant Jxeee slightly exceeds those presented in Tab. I. Taking into account the
roughness of approximation of the the charge distribution by expression (31), the discrepancy between these values
can be considered as appropriate.
Evaluation of the constant ∆0
The exchange splitting between the bright and dark exciton states, (3/2)∆0, is too small in many cases to be
directly measured in the experiment. In bulk GaAs, (3/2)∆bulk0 < 10 µeV [7]. It increases in QWs due to the
stronger overlap of the electron and hole wave functions. This effect can be taken into account by introducing the
enhancement factor [7]:
F =
∫ |ΦQW(z)|2dz∫ |Φbulk(z)|2dz . (32)
Here Φ(z) is the cross-section of the exciton wave function Ψ(ze, zh, ρ) taken at ze = zh = z and ρ = 0, that is, at
the coinciding electron and hole coordinates.
We have calculated this enhancement factor by use of the numerically obtained exciton wave functions for the QW
under study and for a wide enough, bulk-like, QW (Lz = 200 nm), in which the exchange interaction almost
coincides with that for bulk GaAs. The obtained value is: F = 1.8. This means that the exchange splitting in the
structure under study, (3/2)∆QW0 < 20 µeV. It is small compared to the energy splitting caused by the interaction
with polarized electron spins in the reservoir.
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